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Forced and Periodic Vortex Breakdown 
TURGUT SARPKAYA 
Professor and Chairman, 
Department of Mechanical Engineering, 
U. S. Naval Postgraduate Schoof, 
Monterey, Calif. Mem. ASME 
The results of an experimental study of the forced and periodic breakdown of a confined 
vortex rotating in the opposite direction are presented. The vortex tube consists of two 
chambers connected by a short conduit through streamlined transitions. The upstream 
end is closed by a plain wall, and a circular orifice is provided at the downstream end. 
The swirling flow and the breaker-vortex are generated by introducing varying propor-
tions of air or water through tangential ports located near the upstream and downstream 
walls of the unit. The cases of single breakdown and periodic breakdown are explored 
and typical data are presented for each case. Finally, the pros and cons of the two ex-
isting transition theories are discussed. 
Introduction 
THE vortex-breakdown phenomenon, an abrupt 
change of flow structure at some position along the axis of a 
longitudinal vortex, and the periodic oscillations associated with 
it have been observed both in separated flow above sweptback 
lifting surfaces and in confined swirling flows in "vortex whistles" 
[1]1 and cyclone separators [2]. The present interest in the 
development of nuclear-rocket propulsion using gaseous-core 
nuclear reactors [3], electrical power generation using magneto-
hydrodynamic effects [4], vortex valves [5], and pure fluid-
pressure modulators for pneumatic-amplifier systems [6] has 
provided an added incentive for research on confined steady vor-
tex flows in general and on swirling flows with temporal and/or 
spatial periodicity in particular. 
Vonnegut [1] was probably the first to describe the vortex-
breakdown phenomenon. He constructed simple whistles that 
produced sound "by the escape of a vortex from the open end of a 
tube." He found that the frequency of the sound depended al-
most linearly on the rate of flow. Subsequently, studies were re-
ported by Suzuki [7J, Smith [8], Lambourne and Bryer [9], 
Harvey [10], Chanaud [11], and Gore and Ranz [12]. Theoreti-
cal studies, based essentially on small-perturbation analysis of the 
inviscid equations of motion, were carried out by Michelson [13], 
Squire [14], Howard and Gupta [15], and Gartshore (16]. These 
analyses suggested that the vortex breakdown may be caused by 
spatial amplification of small disturbances and that it is a gradual 
rather than an abrupt change in the flow structure. Benjamin 
[17, 18], departing radically from previous theories, provided a 
1 Numbers in brackets designate References at end of paper. 
Contributed by the .Fluids Engineering Division and presented 
at the Winter Annual Meeting, November 27-December 1, 1966, of 
THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS. Manuscript 
received at ASME Headquarters, October 23, 1965. Paper No. 66--
WA/FE-7. 
self-consistent formulation for the anticipated vortex breakdown 
by considering the phenomenon to be an abrupt and circulation-
preserving transition of finite magnitude between two dynamically 
conjugate states of axially symmetrical, steady, inviscid flow. 
Although Harvey's [10] observations of flow reversal on the tube 
axis indicate the inception of a critical phenomenon and thus lend 
some experimental support to Benjamin's [17] analysis, the re-
cent and rather comprehensive work of Chanaud [11] on tem-
porally periodic motion in a vortex whistle and cyclone separator 
suggests that both the flow reversal and the amplification of 
small disturbances contribute to the hydrodynamic instability 
of confined swirling flows. This suggestion is, as pointed out by 
Chanaud [11], in conformity with that made earlier by Gartshore 
[16] on theoretical grounds. 
In the present study, the vortex breakdown, solitary or periodic, 
is initiated and controlled by another vortex rotating in the op-
posite direction. It is hoped that the information obtained from 
the controlled or forced breakdown, as opposed to natural break-
down, of the swirling flows will shed further light on this complex, 
time-dependent, three-dimensional phenomenon. 
Experimental Arrangement 
A schematic diagram of the confined swirling-flow apparatus is 
shown in Fig. 1. Units of various sizes were built of plexiglass and 
carefully polished inside and out. The upstream end of the unit 
was closed by a plane wall, and a hypodermic needle was attached 
at the center for the purpose of introducing a dye filament or 
dense smoke. A circular, sharp-edged orifice was provided at 
the center of the downstream wall. The swirling flow and the 
breaker vortex were generated by introducing varying propor-
tions of air or water through tangential ports located near the up-
stream and downstream walls of the unit. 
The system, as described so far, was sufficient for the explora-
tion of the first phase of the study; namely, the forced vortex 
---Nomenclaturei----------------------------
A, = cross-sectional area of tube between 
unit and resonator 
a = length of vortex chambers 
C = capacitance, equation (2) 
c* = velocity of sound 
CD = discharge coefficient, QT/7rd02/4 
· X (2P2m/p,,,) 1h (for water) and 
TV r/Y-y.7rdo2/4(2P2m/p.)'I• (for 
air) 
D = diameter of vortex chamber 
d, ~ diameter of connecting tube, Fig. 1 
d; = diameter of tangential jets 
do = orifice diameter 
f = frequency of oscillation 
I = inertance, equation (2) 
k = summation index 
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L = total length of vortex tube, Fig. 1 
L1 = length of tube between unit and 
resonator 
L, = length of connecting tube, Fig. I 
P = p2/pi, psig/psig 
P1 = upstream wall pressure 
p2 = downstream wall pressure 
P2m = median of downstream wall pres-
sure 
.lp2 = amplitude of downstream wall 
pressure 
Q = Q2/Q1, cfs/cfs for water and lb/sec/ 
lb/sec for air 
Q1 = upstream-port flow rate 
Q2 = downstream-port flow rate 
QT= Q1 + Q2 
r = radius 
Re = Reynolds number, p Yid,/µ 
v. = axial velocity, Fig. 12 
Vi = average axial velocity in connect-
ing tube 
V, =·tangential velocity, Fig. 12 
TV T = airflow rate, lb/sec 
a = an angle, Fig. 12 
"'I = expansion factor 
"'I. = specific weight of air 
µ = dynamic viscosity of fluid 
p. = density of air 
p,,, = density of water 




a = , .. 




de = 3/8" 
di = 3/32" 
d = 1/400 
0 
L = 4 13/1600 
Fig. 1 Schematic drawing af test apparatus 
breakdown. The surge chamber shown in Fig. 1 was incorpo-
rated into the system only during the study of the periodic vortex 
breakdown. It consisted of a fluid inductance (long, low-re-
sistance path) in series with a fluid capacitance (volume), capable 
of holding varying amoui'its of air. Such a chamber is referred to 
ordinarily as a Helmholtz resonator. 
The flow rates were determined by means of calibrated rotame-
ters. The pressures on the wall of the upstream and downstream 
chambers and in the resonator were measured by pressure trans-
ducers and recorded simultaneously by means of an amplifier-
recorder assembly. 
Experimental Procedure and Observations 
The first case explored in the experimental study was that of 
the "forced vortex breakdown." For this purpose, the down-
stream port was connected directly to the rotameter; i.e., the 
surge chamber was taken out of the system. In order to create a 
swirling flow, the upstream jet was turned on and the downstream 
inlet was kept closed. \Vhen a very small swirl was produced, 
its existence could be detected easily by means of the dye filament 
introduced through the hypodermic needle. For very small 
Reynolds numbers' (Tie ~ 400), the dye filament proceeded 
downstream along the axis of the unit in the form of a spiraling 
sheet as shown in Figs. 2(a) and 2(b ). As the intensity of the 
swirl was increased, a tiny air core formed at the orifice and the 
end of the air core darted irregularly short distances back and 
forth. The emergent jet diverged in the form of a smooth hollow 
cone. With a further increase of the swirl (well before the vortex 
breakdown), the end of the air core moved upstream and at-
tached to the center of the upstream wall. The air core did not 
remain in the form of a long smooth tube coincident with the 
axis of the vortex tube but developed spiraling standing waves. 3 
These waves and the shape of the emerging hollow jet may be 
seen in Fig. 3. 
Following the establishment of a swirling flow, the downstream 
2 Reynolds number is based on the diameter of the connecting tube 
and the average axial velocity. 
3 The development of spiraling standing waves well before the vor-
tex breakdown has been observed in all the experiments reported 
herein. 
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Fig. 2(a) View of spiraling vortex sheet (Re = 400) 
Fig. 2(b) View of spiraling vortex sheet (Re = 600) 
Fig. 3 Development of core vortex and hollow cone 
jet was turned on slightly, and the upstream and downstream wall 
pressures and the flow rate were recorded. The downstream 
pressure decreased slowly but the upstream pressure remained 
nearly constant. The dye introduced into the downstream sup-
ply line was captured by the main swirling flow as depicted sche-
matically in Fig. 4(a). As the velocity of the downstream jet 
was increased in small steps, the intensity of the swirl in the 
downstream chamber decreased and the dye filament reached the 
air core more quickly and along a line closer to the radial line 
joining the axis of the unit and the downstream inlet port as shown 
in Fig. 4(b ). With a further slight increase in downstream jet 
velocity, the flow pattern in the downstres,m chamber changed 
abruptly. This change, aside from momentarily producing a 
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fig. 4 Evolution of downstream 
vortex preceding vortex breakdown 
(c) 
sharp noise, eliminated the air core4 and the hollow cone, sharply 
lowered the wall pressure in the downstream chamber to a mini-
mum, and rendered the emergent jet fully turbulent; see Figs. 4( c) 
and 5.' De.-<pite this abrupt and rather drastic change, the up-
stream wall pressure remained nearly constant. Further increase 
of the donwstream jet velocity increased the downstream wall 
pressure and created a vortex in the downstream chamber whose 
rotation was in the opposite direction to that of the upstream 
vortex. When the downstream wall pressure was made identical 
to that which prevailed at the start of motion (downstream jet 
closed), by increasing the intensity of the counter vortex, neither 
the upstream pressure nor the turbulent jet showed any ob-
servable changes. In short, a new flow condition had been estab-
lished which was identical, as far as the two wall pressures were 
concerned, with that obtained originally by the main swirling 
flow, but drastically different from the original state as far as the 
emergent jets and flows in the downstream chamber were con-
cerned. 
The second case explored was that of the "periodic vortex 
breakdown." For this purpose, the downstream port was con-
nected to the outlet of the Helmholtz resonator, and the valves on 
top of the air chamber and on the inlet line of the resonator were 
closed. Once again, a swirl was created in the vortex tube and an 
emergent hollow jet was established. During this time, the water 
coming from the downstream port partly filled the resonator and 
reached a constant level. 
Following the establishment of a steady state, the flow into the 
resonator was turned on and increased in small increments. The 
inroming flow increased the pressure in the air chamber and 
forced the downstream jet to inject a weak current into the down-
stream chamber. This current was carried to the exhaust hole 
with a spiraling motion. As the valve leading to the resonator 
was opened gradually, the secondary current joined the orifice in 
a more nearly radial direction and, at a critical state, stopped 
abruptly the vortex motion in the downstream chamber. The 
events following this abrupt change were similar to those described 
• For sufficiently large orifices, only part of the air core in the down-
stream chamber disappeared. The remaining part extended from the 
upstream wall to the downstream end of the connecting tube with a 
stagnation point at its forward end and pulsed rhythmically during 
each breakdown. 
'The turbulent jet was axially symmetrical but the axis of sym-
metry did not always coincide with the axis of the vortex tube, 
Fig.5. 
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Fig. 5 Develop,;.ent of turbulent jet 
Fig. 6(a) Variation of downstream wall pressure in case of single vortex 
breakdown 
111111111111111111111111 '] ± - Ji JJJJ 
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Fig. 6(b) Variation of downstream wall pressure in case of periodic 
vortex breakdown 
previously in connection with the single breakdown. The sudden 
and significant drop in pressure in the downstream chamber in-
creased the pressure gradient between the resonator and the down-
stream port. Consequently, the velocity of the downstream 
jet, and hence the intensity of the counter vortex in the down-
stream chamber, increased rapidly. This, in turn, decreased both 
the discharge coefficient of the orifice and the pressure in the air 
chamber. It is significant to note that, during these and sub-
sequent changes, the pressure and the flow rate at the upstream 
chamber and the flow into the surge tank remained nearly con-
stant. 6 The gradual increase of the downstream pressure and 
the decrease of pressure in the air chamber reduced the velocity 
• The change in P1 was approximately 3 percent. The change in 
the flow rate into the resonator was approximately 2 percent. It is 
clear that the oscillations resulting from the vortex breakdown were 
unable to propagate into the supercritical region. 
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of the downstream jet. When a critical state was reached, the 
flow in the vortex tube changed abruptly to its initial form. The 
sense of rotation of flow in the downstream chamber became iden-
tical with that of the original swirling flow. This increased the 
stagnation pressure at the downstream port above the pressure in 
the air chamber and developed a reverse flow in the tube connect-
ing the vortex tube to the resonator. The reverse flow, as well as 
the flow entering the resonator at a constant rate from its up-
stream inlet, increased the pressure in the air chamber. When a 
critical maximum pressure was reached, the fluid rushed from the 
surge tank to the downstream port through the connecting tube 
and once again changed the flow and pressure in the downstream 
chamber of the vortex tube. This action completed the end of a 
cycle of the periodic oscillation. To change the frequency of this 
oscillation, everything was kept constant except that some air was 
let out of the air chamber through the valve provided previously. 
With this, oscillatory motion automatically resumed and con-
tinued with clocklike regularity, Fig. 6. To decrease the fre-
quency, an inverse procedure was followed; i.e., some compressed 
air was introduced into the air chamber. 
The experiments described in the foregoing were repeated with 
air as the working fluid. It suffices to note that everything was 
kept the same except that the inlet and outlet near the top of the 
resonator were used for obvious reasons and that the frequency 
was changed by admitting or removing some water into or out of 
the resonator through the valve at the bottom of it. Once again, 
an oscillation of constant frequency was obtained. 
0.4 
Discussion of Results 
Forced Vortex Breakdown 
The experimental data obtained through the procedure de-
scribed previously were plotted h:t various dimensionless fonus. 
In the following, the relationships between the pressure, flow 
rate, and the discharge coefficient of a typical vortex tube are dis-
cussed. 
Fig. 7 shows, as an example, the normalized downstream wall 
pressure f> as a function of the normalized downstream flow rate 
Q. It is observed that, as Q increases, f> decreases slowly at first 
and then abruptly when the vortex in the downstream chamber 
breaks down and the emergent jet becomes turbulent. For values 
of Q between 0.16 and 0.4, f> remains fairly constant. This range 
of Q-values corresponds to a special state of flow in the down-
stream chamber. The observations of the dyed jet have shown 
that, following the breakdown of the vortex motion in the down-
stream chamber, the flow is essentially axial with a radial com-
ponent superimposed on it. For larger values of Q, the intensity 
of the counter vortex increases and, as will be noted later, the 
discharge coefficient decreases. Consequently, the pressure in 
the downstream chamber increases with increasing values of Q. 
Fig. 8 shows, for the same vortex tube, the discharge coefficient 
as a function of f>. It is noted that, at the start of motion, i.e., 
for Q = 0, the discharge coefficient is at its minimum. As Q 
increases, the intensity of the swirl in the downstream chamber 
decreases. This, in turn, increases the discharge coefficient quite 
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Fig. 8 Discharge coefficient versus normalized downstream pressure 
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rapidly. Near the point of vortex breakdown, Cn reaches its 
maximum value. Following the vortex breakdown and for a 
small range of .P-values, Cn remains fairly large. Subsequently, 
as the intensity of the counter vortex increases, the discharge co-
efficient decreases gradually toward its initial value. It is noted 
that, for P < 0.25, Cn is a double-valued function of P. The 
upper branch of the C v-P-curve corresponds to the state of the 
turbulent jet and the lower branch to the state of the laminar jet. 
Furthermore, it is noted that, within the range of Reynolds num-
bers encountered in the tests, neither C n versus P nor P versus Q 
shows any dependency on the Reynolds number. Because of the 
limited capacity of the fluid supply systems, it was not possible to 
determine whether or not this conclusion remains valid for larger 
Reynolds numbers. 
Periodic Vortex Breakdown 
A series of tests was conducted not only with the particular 
vortex tube discussed herein but also with 15 other vortex tubes 
of various sizes and characteristic length ratios using the pro-
cedure described previously. It was firmly established that, for a 
given vortex tube, only the unique combinations of pressures at 
the two vortex chambers produce periodic oscillations of constant 
amplitude; the amplitude of the pressure oscillations in the up-
stream chamber is insignificantly small (about 3 percent); the 
amplitude of the pressure oscillations in the downstream chamber 
is large in magnitude and independent of the frequency of oscilla-
tion; the frequency of oscillation for each vortex tube depends on 
the inertance and capacitance characteristics of the unit and of the 
external conduit-resonator system; and that no oscillatory mo-
tion can be obtained in a rigid system with an incompressible 
fluid; i.e., the vortex tube requires a capacitance provided 
either by the compressibility of the fluid in the flow system or by 
the elasticity of the conduit walls. 
Figs. 9 and 10 show in dimensional form the relationship be-
tween P1, P2m and l:::i.P2 and P1. Each data point in these figures 
was checked with all possible frequencies of oscillation by varying 
the air volume in the resonator. It is apparent that, for a given 
vortex tube, a linear relationship exists betweenP1 and P 2m and P 1 
and the amplitude of the pressure oscillations in the downstream 
chamber. 
In order to determine the relationship between the single and 
periodic vortex breakdown, the slopes of the two curves shown in 
Figs. 9 and 10 were calculated and marked in Fig. 7. It is clear 
that the normalized median pressure corresponds to the pressure 
at the inception of the single vortex breakdown, the maximum of 
the oscillating pressure corresponds to the pressure at Q = 0, and 
the minimum of the oscillating pressure corresponds to the pres-
sure at the completion of the breakdown, i.e., when the hollow 
laminar jet becomes turbulent. It may, therefore, be con-
cluded that the amplitude of the oscillations, as well as the nor-
malized median pressure, may be predicted from the relationships 
obtained for the case of single vortex breakdown. 
A close examination of the data obtained for all vortex tubes 
used in the experiments has shown that, for a given unit, larger 
orifices require a smaller pressure P2m or, in other words, a smaller 
P2m/Pi-ratio to produce oscillations. The diameter of the up-
stream or downstream chamber does not seem to affect either the 
Pi versus P2m or Pi versus l:::i.P2 relationships. On the other hand, 
the length of the connecting tube between the upstream and down-
stream chamber affects the vortex motion materially and, hence, 
the relationships between the pressures and pressure fluctuations. 
It is apparent that the number of dimensionless variables involved 
in the phenomenon is rather large, and it is practically impossible 
to determine to any degree of completeness the experimental re-
lationships between them. However, the understanding of the 
basic mechanism of vortex breakdown requires not so much the 
establishment of various relationships among the parameters in-
volved but rather the detailed measurements of local characteris-
tics of the transition. Serious attempts were made to determine 
the local flow characteristics, and it was found that the introduc-
Journal of Basic Engineering 
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tion of a hypodermic needle or a small hot-film probe into the 
downstream chamber caused an immediate vortex breakdown 
(downstream jet closed) and rendered the determination of the 
local characteristics of flow by means of probes practically im-
possible. The flow visualization techniques, however approxi-
mate, proved to be quite useful, particularly in the determination 
of spiraling standing waves and of the angle of flow inclination, as 
will be discussed later. 
Frequency of Oscillations 
It has been pointed out previously that a vortex tube requires 
a compressible fluid and/or an elastic system to produce 
an oscillatory motion. A critical analysis of the variables in-
volved in the phenomenon shows that, if the viscous effects are 
ignored and the total temperature is kept constant, then the fre-
quency is determined by [19) 
(1) 
where C and I represent the capacitance and inertance of the elas-
tic system and are given by7 
1 k k 
C = ------;; I; (L,.Ak) and I = p I; Lt/Ak (2) 
PaC . 
In the experiments described herein, the working fluid, the length 
and cross-sectional area of the conduit between the unit and the 
resonator, the volume of air in the resonator, and the upstream 
pressure were varied; and the frequency of oscillation was deter-
mined from the oscillograph records. Fig. 11 shows the variation 
of the measured frequency as a function of the theoretically cal-
culated frequency. The correlation of the two frequencies is good 
but the theoretical frequencies are about three times larger than 
the measured frequencies. This is not entirely unexpected in 
view of the fact that the contribution of the mass of fluid within 
the unit and the viscous and form resistances were completely 
ignored. It is apparent th~t- the inclusion of these terms will be 
7 The summation in I includes the discrete elements comprised of 
the tangential port, connecting tube, and the portion of the resonator 
which contains the working fluid. The summation in C includes only 
those elements which contain air. 
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Fig. 12 Velocity components on a 
stream tube 
Fig. J J Frequency characteristics of vortex tube shown in Fig. 1 
equivalent to increasing the effective length of the tube between 
the unit and the resonator and will yield theoretical frequencies 
closer to those observed experimentally. The reason the afore-
mentioned corrections were not incorporated into the analysis is 
that the energy losses can at best be predicted only approxi-
mately. It was, therefore, preferred to present the results aa 
given in the foregoing instead of reducing them to the prediction 
of the effective conduit lengths. 
Discussion of Transition Theories 
It is appropriate at this time to discuss the pros and cons of the 
two existing transition theories. According to Benjamin [17, 18], 
the transition is a steady hydraulic jump-type phenomenon. Ac-
cording to ·Michelson {13], Squire [14], Howard and Gupta [15], 
and Gartshore [16], it is caused by spatial amplification of small 
disturbances and is a gradual rather than an abrupt change in the 
flow structure. 
Benjamin's analysis considers an inviscid, incompressible, 
cylindrical, swirling flow. In fact, with the assumption of isen-
tropic flow and constant total temperature, it is easy to show that 
the axial component of velocity is independent of radius in the 
irrotational portion of the swirling motion. For this case, a 
simple expression may be derived between rand a-values between 
any two sections (labeled 1 and 2) of the stream tube, and its 
validity may be inspected through an approximate experimental 
procedure. Expressing, with reference to Fig. 12, conservation 
of circulation 
211"r1Vu = 211'r2V12 
and the equation of continuity 
and the obvious relationships 
Vn = q1 sin a1, V12 = q2 sin a., 
V.1 = q1 cos a1, V.2 
and eliminating q1 and q,, one find-; that 




In swirling flow with a free vortex, therefore, the streamlines and 
voxtex lines reorient themselves on the stream surface (larger a 
for larger r) in such a manner that r cot a remains constant. In 
reality, however, this condition is satisfied only at the upstream 
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chamber of the tube where the vortex motion is unaffected, at 
least not to any significant amount, by the viscous resistance. As 
the flow proceeds down the connecting tube, viscous effects be-
gin to take over, and the free vortex gradually changes into a 
forced vortex. Velocity distribution is comprised of a large ro-
tational core and an irrotational periphery. Since no external 
torque is applied to the flow upon entrance into the connecting 
tube, the sum of internal moments must be zero. Considering 
the moment of the shearing stress on the wall, it is easy to show 
that the flow, while irrotational immediately after entry into the 
vortex tube, does not remain irrotational but changes into ro-
tational flow so as to satisfy the foregoing requirement. The 
rotational flow is the stabler form of flow to which the initial flow 
transforms itself, even though both flows satisfy the conservation 
of energy principle. The rotational flow, however, has the lesser 
amount of useful kinetic energy. The gradual conversion from 
irrotational to rotational flow causes a gradual rearrangement in 
velocity and energy distribution. Consequently, the wall static 
pressure and the strength of the vortex decrease along the connect-
ing tube. 
In order to verify some of the assertions in the foregoing, it is 
necessary to measure, at least, the angle a. For this purpose, 
Harvey [10] used a smoke-injection method and photographed 
the resulting smoke trace. In the present study, this was found 
to be practically impossible because of the relatively large veloci-
ties used. Instead, a different and perhaps equally approximate 
tracing method was employed. For this purpose, a steady swirl 
was established in the plexiglass vortex tube, and then a small 
amount of cement powder was introduced into the upstream air 
supply line, and finally the flow was turned off. As expected, the 
cemen~ particles left clear traces of pathlines on the plexiglass 
tube. From these traces, the angle a was determined everywhere 
along the tube. It was found that the value of r cot a did not re-
main constant but increased along the connecting tube and, in the 
downstream chamber, indicated a definite decrease in the in-
tensity of circulation of the swirling motion. Though the method 
employed was admittedly approximate, it was sufficiently ac-
curate to show that the flow was noncirculation preserving. The 
circulation retained in the downstream chamber was about 70 
percent of that existing toward the end of the connecting tube. 
This fact is obviously substantiated by the pressure-drop data 
presented herein. Therefore, it appears that the condition of the 
preservation of circulation in Benjamin's analysis is highly rJ-
strictive and that its removal will eliminate some of the problems 
associated with the finite transition theory. 
Transactions of the AS ME 
-
However, several conclusions are reached on the basis of the 
present study which conform to Benjamin's predictions; namely, 
the adjustment of breakdown by downstream conditions, the 
abruptness of transition, the independence of the frequency of 
periodic vortex breakdown from upstream conditions, and the 
inability of pressure oscillations to transmit back on through 
supercritical region. Neither of these conclusions, however, is 
sufficient singly or jointly to show conclusively that the transi-
tion is not the result of growth of axisymmetric disturbances 
within the original flow. In order to bring into focus the effect of 
disturbances, it was decided to introduce artificially generated axi-
symmetric disturbances into the swirling flow and to observe 
whether or not these disturbances would cause a breakdown with-
out the help of the countervortex. For this purpose, a circular 
ring made of nylon fishing leader of 1-lb tensile strength was 
glued at the upstream end of the connecting tube. The dis-
turbances generated by this tripping wire were unable to cause a 
vortex breakdown. When the downstream jet was turned on and 
its intensity gradually increased, the breakdown occurred 
abruptly in a manner similar to that described previously. These 
observations lead the author to believe that the hydraulic jump 
analogy advocated by Benjamin may be used to explain the tran-
sition described herein if the highly restrictive condition of the 
preservation of circulation is relaxed. 
Conclusions 
The experiments described herein have shown that the swirling 
fluid motion in an axially symmetrical tube comprised of two 
chambers and a connecting tube may be subjected to an abrupt 
change by another vortex rotating in the opposite direction. 
This change produces a large pressure drop in the zone of vortex 
breakdown. For a given set of upstream and downstream wall 
pressures, there are two different states of flow through the vortex 
tube. The location of the breakdown, as pointed out by Benja-
min [17, 18], is determined by the conditions prevailing in the 
downstream section of the tube, in the same way that location of 
a hydraulic jump on a supercritical stream in an open channel is 
determined by the backwater conditions. Moreover, just as 
some sort of obstruction in the channel is necessary to precipitate 
a hydraulic jump on a supercritical stream, the vortex breakdown 
requires one or more triggering agencies such as the countervortex 
and/or the adverse pressure gradient created by the divergence 
of the connecting tube into the downstream chamber. Coupled 
with a Helmholtz resonator, the vortex tube works like a hydro-
dynamic oscillator. The energy of the oscillator is derived from 
the hydrodynamic instability of the fluid within a reversed-flow 
region in the downstream chamber. 
The parameters involved in the phenomenon are numerous and 
of such magnitude that it appears no important simplifications 
can be made in the equations of motion to solve the problem 
analytically. However, the strong similarities of the motion 
described,. here to that studied by Benjamin lead the author to 
believe that the hydraulic jump analogy advocated by Benjamin 
may, with certain modifications, be used to analize this unusual 
phenomenon. 
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DISCUSSION 
A. W. Marris8 
Professor Sarpkaya is to be complimented on a significant 
experimental research. The effect of a reacting vortex to incur a 
finite transition in a vortex is graphically illustrated in Figs. 4 
and 6(a) and by the pressure and flow data in Fig. 7. One is 
given a quantitative picture of a finite transition. It is interest-
ing to note that energy loss in the form of noise accompanied 
this transition! The author repeatedly emphasizes the in-
dependence of the upstream pressure of the transition down-
stream and we are left with the impression of the inability of a 
message to be transmitted back into a supercritical flow; this is 
in agreement with Benjamin's theory [17]. Benjamin's theory 
requires a steady, sudden, finite transition, rather than a transi-
tion which is the climax of an instability growing beyond bounds. 
The former alternative seems to be confirmed by the pressure 
patterns in Fig. 6( a). 
Benjamin ( [18], p. 521) notes that it is a theoretical possibility 
for a transition from a subcritical to a supercritical swirling flow. 
This reversal of breakdown appears to be evidenced in the oscil-
lating system considered by the author. 
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